A sporeforming gram-positive aerobic bacterium was isolated from soil and shown to secrete an endoglycanase that cleaves the tetrasaccharide backbone structure of specific members within the gellan family of related bacterial exopolysaccharides. We refer to these polysaccharides as sphingans. The structures of the sphingans differ by the type and position of side groups that are attached to the backbone. The new enzyme named sphinganase degrades welan, gellan, deacylated gellan, and polysaccharides S-88, S-7, and S-198.
One of the first polysaccharases to be isolated was discovered because it allowed Bacillus circulens to grow by utilizing the sugars from the surface polysaccharide of Streptococcus pneumoniae (8) . Many enzymes of cellular and bacteriophage origin that degrade specific polysaccharides are now known (29) . These enzymes are particularly useful for determining the sequence and linkages of carbohydrates in oligosaccharides attached to proteins and in polysaccharides. They include hydrolases that yield oligosaccharides, lyases that produce nonreducing unsaturated uronic acids, and deacetylases that modify polysaccharide chains by removing acetyl groups.
There are at least seven distinct microbial exopolysaccharides that share the following tetrasaccharide backbone Table 1 . We refer to the polysaccharides in this group as sphingans because the producing bacteria were recently shown to be members of the genus Sphingomonas (26) . Each sphingan has characteristic side groups attached to the backbone (see Table  3 ). A possible eighth member of the group makes polysaccharide S-7, for which the structure is unknown, but it consists of D-glucose, D-glucuronic acid, and L-rhamnose, in proportions nearly identical to those of rhamsan.
The sphingans exhibit properties, such as thermoreversible gel formation and solution viscosity, which make them candidates for commercial applications (2, 21) . Enzymes to specifically degrade these polysaccharides might also be useful. For example, welan could be a cement additive because of its strong suspending properties and its ability to reduce entrained air and to control water loss in cement formulations (1) . However, because of its large polymer size, welan imparts an undesirable high viscosity to cement. Although chemical methods were developed to produce low-viscosity welan for this application (1) , enzymatic digestion could be a simpler and more specific method for making low-viscosity welan. A second example is Gelrite, a deacetylated form of gellan which forms agar-like gels in the presence of cations (18) . Endoglycanases might be used to dissolve and remove gellan gels from cultured plant tissues when gellan is used as a replacement for agar and agarose in culture media. Endoglycanases might also be used in genetic strain improvement and research to produce singlecell suspensions of the Sphingomonas bacteria which produce these polymers and which normally grow as rafts of aggregated cells in liquid culture. Finally, enzyme digestion might be used as a screening method to simplify the structural identification of new polysaccharides containing the gellan backbone.
There was one previous report (5) of gram-negative gliding bacteria from soil that could make pits in Gelrite gels; however, there was no additional taxonomic description for these bacteria and the cause of the pits was not known. In retrospect, I we do not know whether these bacteria secreted an enzyme or merely compounds such as acids or chelators that could alter the structure of the gellan gels. By using an enrichment procedure, we isolated a sporeforming gram-positive aerobic rod-shaped bacterium which is most closely related to Bacillus brevis and which secretes an endoglycanase that specifically cleaves certain sphingan polysaccharides. We purified and characterized this unique enzyme activity and named it sphinganase because it digested sphingan polysaccharides related to gellan.
MATERIALS AND METHODS
Bacterial strains and culture conditions. We collected damp soil from a rural site in San Diego County (California) at the outflow of household laundry grey water, mixed three samples of 25 g each with 5 ml of either deionized water, 0.25% welan, or 0.25% xanthan, and then incubated these mixtures at room temperature for 5 days. About 10 g from each thick slurry was resuspended in 20 ml of deionized water, and then particulate debris was removed by centrifugation at 500 x g for 5 min and filtration through Whatman (no. 1) paper. Each clarified solution was then diluted in water and spread on nutrient-rich agar (YM plates) to determine the total bacterial titer and on Gelrite plates to determine the number of bacteria capable of growing on Gelrite as the primary carbon source. Strain B29 was purified from among many bacteria that were indistinguishable by colonial appearance, light microscopy, and their ability to form depressions (1 to 3 mm deep) in the Gelrite To detect extracellular enzyme activity, strain B29 was shaken for 4 days at 28°C in LT1 medium including 0.4% (NH4)2SO4, 0.2% NaCl, 0.2% MgCl2, 1 x trace minerals, and either 0.25% welan or 0.25% xanthan. The cultures were centrifuged to remove most of the bacteria, and NaN3 was added to 0.01% to prevent growth of any residual bacteria. We added sterile welan to 0.2% to samples of the culture supernatants and measured the decrease in solution viscosity as a function of time.
Strain identification. Growth in Kligler iron agar tubes and spot tests for catalase, oxidase, and indole were standard (19) and carried out with cells resuspended from an LB or YM agar plate. Positive and negative controls were Escherichia coli and Pseudomonas aeruginosa. Metabolism of lysine, ornithine, and arginine was screened in Moeller decarboxylase broth (19) .
Hydrolysis of arbutin was observed as brown pigment surrounding colonies on agar plates containing 0.5% arbutin (Sigma), 0.2% Bacto Tryptone, 0.03% K2HPO4, and 0.5% NaCl. Hydrolysis of esculin resulted in black zones surrounding colonies on LB plates containing 0.1% esculin (Sigma) and 0.05% FeSO4. Hydrolysis of starch and casein caused zones of clearing surrounding colonies on LB plates containing 1 % potato starch (Difco) or nonfat skim milk (Carnation). Hydrolysis of elastin was tested by streaking bacteria onto LB plates and then overlayering with 2% elastin in 1.5% agar. Gelatin liquefaction was tested by incubating cells in LB medium containing 10% gelatin (Knox) at 35°C and then chilling the tube to 4°C for 5 min to observe gelation. Use of carbon sources was tested in M9 minimal salts medium containing each different compound at 1% concentration or in OF medium for testing acid production (with yellow indicating acid).
Purification of sphinganase. Extracellular sphinganase was purified from culture medium. Strain B29 was grown at 30°C for 120 h by shaking in Erlenmeyer flasks containing welan-P2 medium. The culture broth was centrifuged (10,000 x g for 15 min) to remove the cells, and then sodium azide was added to 0.01%. Solid ammonium sulfate was added to 34% of saturation and placed at 4°C for 30 min. A precipitate was removed by centrifugation at 10,000 x g for 15 min, and then solid ammonium sulfate was added to the supernatant to 64% of saturation. The sphinganase activity was precipitated by incubation at 4°C for 30 min and centrifugation at 10,000 x g for 15 min. The active pellet was resuspended in deionized water and dialyzed overnight at 4°C against water with changes. Some insoluble material was removed by centrifugation at 10,000 x g for 15 min. The soluble fraction was made 25 mM in NaCl and then loaded onto an anion-exchange chromatography column containing DEAE-Sepharose CL-6B (Sigma) kept at room temperature. The proteins were eluted by washing with 50 mM NaCl in 20 mM Tris-HCl (pH 7.6) and then with a gradient of buffered NaCl to 500 mM. For hydrophobic interaction chromatography, a sample was applied to a column of octyl-Sepharose (Sigma) in 1 M NaCl and 20 mM Tris-HCl (pH 7.6) and then proteins were eluted with a gradient of buffered NaCl to 0 M. For gel filtration chromatography, a concentrated sample was applied to a column of Sephacryl 400-HR (Sigma) in 150 mM NaCl and 20 mM Tris-HCl (pH 7.6) and eluted with the same. Elution of sphinganase activity was monitored by spotting samples of each RESULTS Enrichment for welan-degrading bacterium B29 and identification as a Bacillus species. Bacteria able to form pits in Gelrite-containing plates were isolated from a soil slurry amended with welan. Although the welan used contained some viable bacteria, none made pits on the Gelrite plates, suggesting that the pit-forming bacteria came from the soil and not from the welan. After incubation with welan, the soil suspension gave titers of 5.7 x 105 CFU/ml on Gelrite plates and 5.6
x 106 CFU/ml on YM plates. About 70% of the colonies on the Gelrite plates formed pits in the medium, as if they were able to degrade the Gelrite matrix. As described in Materials and Methods, a representative pit-forming colony was saved and designated strain B29. After incubation with xanthan, an identical soil sample yielded one colony on Gelrite for an approximate titer of 100 CFU/ml and 2.1 x 106 CFU/ml on YM plates. The single colony that grew on the Gelrite plate formed a pit. The soil sample that was not exposed to polysaccharide gave only a few pit-forming colonies on Gelrite (equal to titers of less than 100 CFU/ml) and 1.7 x 105 CFU/ml on YM plates.
On YM plates, the colonies of strain B29 were round, raised, 2 to 3 mm in diameter, pinkish in color, and adhered to the agar surface. Colonies on Gelrite formed pits and had a sticky consistency. In YM broth, the cells were rod shaped with a length equal to about three times the diameter and occurred singly or as end-to-end pairs. Subterminal oval spores swelled the sporangium. When the pinkish cells and spores were resuspended in methanol containing 1% (vol/vol) HCl, the pigment became soluble and gave absorbance maxima at 395 and 498 nm. Kligler iron agar tubes showed only aerobic growth, utilization of glucose and lactose on the slant, no color change in the butt, no gas formation, and no H2S formed from thiosulfate. Strain B29 was negative for catalase, indole production, lysine decarboxylase, arginine dihydrolase, and ornithine decarboxylase and gave a delayed or borderline oxidase reaction. Strain B29 hydrolyzed esculin, gelatin, starch, and casein but not arbutin or elastin. Strain B29 grew on MacConkey's agar but not on TCBS plates, it grew in LB medium with either ampicillin at 20 ,ug/ml or polymyxin at 10 pLg/ml but not with vancomycin at 20 ug/nml, and it failed to grow in LB medium with either 6% NaCl or 0.5% (wt/vol) KCN Glucose inhibited the appearance of extracellular sphinganase. When the carbon source was welan, the enzyme activity in the culture medium increased gradually from 24 to 120 h at 30°C in shaking flasks.
The addition of welan to cultures to stimulate the synthesis of sphinganase also adds bacterial protein and cell debris from the welan-producing microorganism. Therefore, even though the sphinganase activity was secreted into the medium, it became mixed with contaminating proteins. We characterized the enzyme activity before and after purifying sphinganase severalfold and found the same enzymatic properties. Table 2 summarizes the purification of sphinganase.
We found that sphinganase was an acidic protein since its electrophoretic mobility in nondenaturing agarose gels was similar to that of bovine serum albumin, which has an isoelectric point of 4.8. On the basis of this property, the second purification step was ion-exchange chromatography through DEAE-Sepharose with elution by increasing amounts of NaCl. About one-half of the material absorbing at 280 nm did not bind to the matrix, and about one-fourth eluted above 500 mM NaCl. The latter included charged polysaccharides, probably residual welan from the medium. The sphinganase activity eluted as a single peak with 200 to 300 mM NaCl. We analyzed the proteins by electrophoresis through denaturing sodium dodecyl sulfate (SDS)-polyacrylamide gels and found a major polypeptide of about 110,000 Da and about six other fainter bands (Fig. 1) .
Gel filtration through Sephacryl S-400-HR or hydrophobic interaction chromatography each removed some of the fainter polypeptide species, but the recovery of sphinganase activity was low, especially from octyl-Sepharose (data not shown). To determine whether the 110-kDa species corresponded to the sphinganase activity, we electrophoresed pooled fractions from the DEAE column through an agarose gel at pH 7.5, sliced the gel, and eluted the proteins by diffusion. Only the 110-kDa polypeptide was found to be active by spotting samples on a Gelrite gel. Figure 1, lane 4 , shows the 110-kDa protein present in the single active agarose fraction. Therefore, the 110-kDa polypeptide is most likely the sphinganase. However, because of the small amount of enzyme present in the cultures, purification to homogeneity and absolute identification of the active polypeptide will require elimination of the sphinganase gene product by mutation or cloning of the gene and elevated gene expression. After storage of the DEAE pool at 4°C for 3 weeks, we noticed a second activity on the agarose gels which corresponded to a polypeptide of about 51 ± 5 kDa. We think that this might be a relatively stable breakdown product of the sphinganase enzyme.
Optimal conditions for sphinganase activity. We determined the optimal pH and temperature for sphinganase and the effect of temperature on inactivation of the enzyme. Figure  2A shows the optimal reaction pH based on viscosity assays using different buffer systems. Because the glucuronic acid residue in the substrate is ionized at a pH above 5, the effect of pH on the initial reaction rate is probably due to the ionic state of the enzyme and not the substrate. The optimal pH was 7.5 with MOPS buffer. We observed reduced sphinganase activity in the presence of phosphate buffer and almost no activity with citrate. We also found that the addition of either EDTA or EGTA [ethylene glycol-bis(,-aminoethyl ether)-N,N,N',N'-tetraacetic acid; 0.28 mM] to the welan substrate before addition of the enzyme inhibited sphinganase completely. Figure 2B shows that sphinganase was inactivated by incubation in the absence of substrate for 10 min at 50°C or higher. In spite of the inactivation results, Fig. 2C shows that the initial reaction rate increases with increasing temperature to at least 60°C, the limit of our viscosity assay.
Mode of action and substrate specificity. To determine whether sphinganase acted endolytically on welan, we measured the loss of viscosity of a welan solution as a function of time. As shown in Fig. 3 , there was a rapid decrease in the viscosity of welan. Since viscosity for welan is roughly proportional to molecular weight for the ionic conditions of our assay (4), the observed pattern suggests that sphinganase acted endolytically (29) . The endolytic mode of action was confirmed by observing a similar rapid decrease in the viscosity of welan and a slow linear decrease in isopropyl alcohol-precipitable polysaccharide (data not shown).
We tested the ability of sphinganase to digest different polysaccharide structures. We prepared solutions of the following gellan-related polysaccharides: gellan, deacetylated gellan, welan, rhamsan, deacetylated rhamsan, S-88, S-198, deacetylated S-198, NW11, and S-7. The structures are given in 
DISCUSSION
To our knowledge, this is the first report of an enzymatic activity that specifically degrades members of the sphingan family of related polysaccharides. Sphinganase is similar to other carbohydrases that cleave the backbones of related but different capsular or extracellular polysaccharides (29) . Two examples include Pneumococcus-specific polysaccharide depolymerases and ,B-glucanases that exhibit different specificities toward related 3-glucans such as succinoglycan, yeast glucan, lichenin, curdlan, cellulose, and laminarin. These endoglycanases cause a characteristic rapid decrease in the viscosity of the substrate. Our primary interest was to obtain a reagent enzyme which would allow the removal of cell-associated polysaccharides from cultures of Sphingomonas spp. and to disaggregate cells to facilitate genetic manipulations. We also sought a rapid method to identify bacteria that made sphingan polysaccharides. These two applications are possible by using the sphinganase prepared from Bacillus sp. strain B29 and the optimal conditions described in this work. Glc-GlcA-Glc-(Rha or Man) b The initial reaction rate is the percent change in viscosity (in centipoise) per minute after adding enzyme for each substrate resuspended at 0.1% (wt/vol) in 50 mM MOPS (pH 7.5) at 40°C. The reaction times ranged from about 6 min for welan to 17 min for S-88, rhamsan, and NW1 1. The error is one standard deviation from the mean of three reactions. About 12 U of sphinganase as defined in Table 2 , footnote a, was added to each substrate. 
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We named the enzyme sphinganase because it cleaved, to different extents, members of a group of related polysaccharides that we call sphingans. The term sphingan was derived from Sphingomonas, the bacterial genus that produces these polysaccharides (26) . The sphingan group includes gellan, welan, rhamsan, S-198, S-88, NW-11, and S-657. However, strain S-657 (6, 25) was not available for our taxonomic study. Another polysaccharide, S-7, has a sugar composition almost identical to rhamsan, but its primary structure is unknown. Our recent taxonomic classification of the bacteria that produces S-7 to the genus Sphingomonas (26) and the sensitivity of the polymer to sphinganase suggests that S-7 is an additional member of the sphingan group. In contrast to the structure of rhamsan (see Table 3 ), we propose that S-7 probably has a double-glucose side group attached to the second glucose of the backbone. Of course, a direct structural determination is needed.
Initially, we thought that we might discover the specific site of cleavage within the repeating sphingan sequence by analyzing the enzymatic hydrolysis of different sphingan polysaccharides with known structures. For example, we thought that side groups attached to specific sugars of the backbone might prevent cleavage. However, there appeared to be a continuum of specific initial rates of cleavage from welan as the preferred substrate to rhamsan and NW-11 as essentially resistant to the enzyme. The results did not point to a single determinant or bond for hydrolysis. It is likely that each polysaccharide adopts a characteristic secondary structure in aqueous solution which in turn affects how the enzyme approaches, binds to, and cleaves the polymer. A rigorous structural analysis of the products of the enzymatic reaction will be needed to determine the actual bond that is cleaved.
